INTRODUCTION
Flow in subsurface formations is usually described based on quantity of water in the intergranular medium. This could be either operated as saturated or unsaturated porous media.
Typical of a natural state occurrence in a vertical profile is a zone of aeration whereby the pores contain both gases and water overlying a zone of saturation completely filled with water. The foregoing, also called the vadose zone or the unsaturated zone acts as a filter to unwanted substances that might originate from the ground surface such as pesticides, fertilisers, and hazardous waste. The dynamics of water in the unsaturated zone is directly linked to the hydrologic cycle by partitioning of water at the land surface and regulating movement of water to and from groundwater.
As such, it effectively controls the interrelationships between precipitation, runoff, infiltration, evapotranspiration, and groundwater recharge (Heinse & Link ) . This explains why studies that model water flow and solute transport in the unsaturated zone are increasingly becoming an issue of major concern in terms of water resources planning and management and groundwater contamination (Rumynin ) . These models, usually represented by mathematical expressions, provide a rational and scientific basis for catchment management decisions related to water flow and solute transport in the vadose zone.
Over the past few decades, a large number of numerical models have been developed to compute water flow and solute transport in the vadose zone. These models usually require as forcing functions, meteorological input data, while some have included complex physical processes such as hysteresis, which have been shown to significantly This is an Open Access article distributed under the terms of the Creative Commons Attribution Licence (CC BY-NC-SA 4.0), which permits copying, adaptation and redistribution for non-commercial purposes, provided the influence water flow and solute transport in variably saturated flow (Kaluarachchi & Parker ; Jaynes ).
Drying and wetting processes driven by water potential differences often occur simultaneously at different depths based on ambient field meteorological conditions. Hysteresis is the relationship that exists between the matric potential and water content which depends on the wetting and drying history of the soil (Hillel ) . This phenomenon was long brought forward by Haines () who recognised hysteresis as an important aspect of soil water This study, aims to quantify the impact of hysteresis on model predictions of soil moisture under natural boundary conditions when simulating temporal changes in meteorological input data for undisturbed soil profiles. The outcome of the study will contribute to the discussion on the importance of hysteresis in soil water flow models.
THEORY OF FLOW THROUGH THE VADOSE ZONE
In this paper, water flow in porous media is described by use of the Richard's equation in Equation (1).
With the vertical coordinate z (L) being positive downwards, the matric potential head ψ (L), and the hydraulic conductivity k (LT À1 ) which depends on the volumetric 
MATERIALS AND METHODS

Study area
The The area consists of volcanic assemblages at the base which is about 400 m thick and overlain by argillaceous and arenaceous sediments (Brandl ) . A vertical soil profile for each of the three sites was characterised after a granulometric analysis which revealed three layered profiles, used as input for HYDRUS-1D
( Table 2 . The bulk density was calculated from a volume-mass relationship from each core sample recovered at respective depths (Grossman & Reinsch ).
Numerical modelling
Water flow and root water uptake were simulated using the 
described as the volume of water removed from a unit volume of soil per unit time due to plant water uptake, as given in Equation (2).
The sink term was specified in terms of a potential uptake rate and a stress factor according to Feddes et al.
().
where α h, z, t ð Þ is a dimensionless water stress response function 0 α 1 ð Þ that prescribes the reduction in uptake that occurs due to drought stress. For this study, root water uptake due to water stress was described using the model introduced by Feddes et al. () . h 3À1 and h 3À2 ð Þ , respectively as shown in Equation (5).
The soil hydraulic properties for the unsaturated soil were described using the set of closed form analytical solutions of van Genuchten-Mualem single porosity constitutive relationships (Mualem ; van Genuchten ).
where
; h is the pressure head L ð Þ; and the empirical coefficients are α ¼ air entry parameter (L À1 ), n ¼ pore size distribution, l ¼ pore connectivity. In this study, we applied l ¼ 0:5 to reduce the number of free parameters based on the work of Mualem (). S e is the effective saturation given by:
In this study, a simplified scaling procedure of the soil 
where α θ , α h , and α k are mutually independent scaling factors for the water content, pressure head, and hydraulic conductivity, respectively. However, for this study, scaling was applied only to the hydraulic conductivity equation (Equation (9)) at each soil profile using a scaling factor computed from Equation (12) since it was the only parameter considered to differ from the main wetting and drying curves.
where K s is the arithmetic mean of saturated hydraulic conductivity obtained from Carsel & Parrish () which is the default parameter of HYDRUS for van Genuchten functions and K 0 s is the initial saturated conductivity obtained from Table 2 . The computed scaling factor for the hydraulic conductivity for each layer in all profiles is shown in Table 3 .
The total depth of each profile was 180 cm, covering the length of the soil moisture probes. The model domain was Using the calculated reference evapotranspiration ET 0 t ð Þ, the potential evapotranspiration ET p t ð Þ was derived from Allen et al. () .
ET 0 t ð Þ is reference evapotranspiration in hourly time steps, K c t ð Þ is crop specific coefficient that characterises plant water uptake and evaporation relative to the reference crop (maize) and was set to be uniform spatially across the entire modelling site and only varied temporally with growing season.
With ET p obtained, potential evaporation (E p ) was calculated using Equation (14) 
where β ≈ 0:4, is the radiation extinction coefficient and LAI(t) ¼ leaf area index in hourly time steps.
Knowing ET p and E p from Equations (13) and (14), the potential transpiration (T p ) was obtained using Equation (15). 
Inverse modelling
In order to obtain the optimal soil hydraulic parameters for each simulation scenario described in the next section, an inverse modelling was performed. The objective function used in our study for the parameter optimisation process consisted of the water content at multiple depths (0-30, 30-60, 60-90, 90-120, 120-150, 150-180 cm) . Minimisation of the objective function was accomplished using the Levenberg-Marquardt nonlinear minimisation method for each depth increment for the three sites (Marquardt ).
The performance of the optimisation procedure was expressed by means of the root mean square error (RMSE) and correlation coefficient (R 2 ) which were chosen over the other popular criterion based on the fact that they can be used to compare data series with different numbers of measurements (Dohnal et al. ) .
where n is the number of measurements, y and y 0 are the observed and predicted responses respectively, and y is the average value of observations.
Simulation scenarios
Two major scenarios were implemented in order to assess the effect of hysteresis for unsaturated zone flow. The first scenario assumed no hysteresis in the soil hydraulic properties (moisture retention curve and hydraulic conductivity function) implying the main drying curve is identical to the main wetting curve while the second scenario involved hysteresis in both Equations (3) and (4) while assuming α w ¼ 2α Table 2 . Thereafter, it was simulated with the optimised soil hydraulic parameters after inversion, given in Table 4 .
RESULTS AND DISCUSSION
Running HYDRUS-1D with the estimated hydraulic parameter estimates from Rosetta (Table 2 ) resulted in a significant amount of residuals between observed and simulated data. The model was therefore calibrated for the soil as shown in Figure 4 . Initially, all the van Genuchten parameters were subjected to calibration except for the pore connectivity parameter l ð Þ. Several possible parameterisations were considered, varying the number of soil layers and type of hydraulic parameters. The best overall parameterisation of the calibration process shown in Table 3 hours but continued with a good fit for the rest of the simulation period. The subsoil had an even better fit of Figure 4 | Observed water content data measured at various depths for site 1 along with simulated final fitted HYDRUS simulations (1, 2, 3, 4, 5, 6, represent 30, 60, 90, 120, 150, and 180 cm depths respectively).
the simulated water content with the observed water content, with the exception of the 120-150 and 150-180 cm depths where there was slight underestimation of the soil water content at the beginning of simulation. These discrepancies are possibly due to the distinct hydraulic characteristics of each layer causing instabilities before equilibrium is achieved. A study conducted by Leão & Perfect () to model water movement in horizontal columns using the fractal theory, found that another soil hydraulic parameter, soil sorptivity, varied as the content of coarse-grained material increased in porous media.
This increases the pressure head gradient in a layered soil profile leading to nonlinearity in infiltration rate. Lehmann et al. () in their study also attributed these differences to local heterogeneities which could lead to inaccurate determination of hydraulic properties at low matric potential values or uncertainties in measurements from sensing devices.
With the fitted parameters, HYDRUS-1D was next used to predict the root zone dynamics of soil moisture fluxes during the entire simulation period at the three sites for both hysteretic and non-hysteretic scenarios, as shown in The results of this study comprised a series of forward and inverse simulations (and only a small fragment is presented in this paper). The results reaffirm the significance of hysteresis in subsurface flow as well as the spatial variability of soil hydraulic properties. The results of this study show that neglecting hysteresis in the soil hydraulic properties for soils of the same class is less significant than doing so for soils of different classes. 
